SUMMARY
Many research projects are studying the possible contribution of decentralized energy resources for the electrical power supply to endconsumers. This article describes the studies of a self-sufficient 200-customers power system, exclusively fed by decentralized and distributed small combined heat and power ( CHP) units.
In a first step, the electrical and heat demands of the customers were modelled. Depending on the individual housing and living situation, different types of heat requirements were defined.
In order to supply the global electrical demand, a radial electrical low-voltage system ( fig 1) is designed. By contrast, there is no common heat supply for the whole system, but 15 separate small heat exchange facilities are defined, making 15 independent nodes of thermal consumptions.
In a next step, the size of the production park is developed. Electricity and heat are provided by CHP's working thanks to natural gas. To simplify simulations, only two types of CHP's are used: 3-kW-fuel-cells and 30-kW-microturbines ( rated power). To make the system self-sufficient with no connection to an upper electricity transmission grid, additional operational items are needed:
• a central electrical storage for the whole system ; • a thermal storage for each of the 15 thermal consumption nodes ; • an auxiliary boiler for each of the 15 thermal consumption nodes. Both the electrical and the thermal storage fulfil two requirements and functions:
• to install the optimal size of the decentralized productions, taking into account the load profiles, the specified reliability, the costs, etc… • to maintain the ability of heat and electricity supply during a certain period of time in case of failure of some production units.
With the purpose of examining the abilities of the described system, the static behaviour, the reliability of supply, the dynamic behaviour on disturbances and finally the total energy consumption, i.e. the energy efficiency are studied. The results of these studies can be summarized as follows:
• The system covers at any time every customer demand and works with good reliability.
• Disturbances such as short-circuits or loss of generation are not leading to the instability of the system.
• With the assumptions and properties defined in this case, the primary energy consumption seems to be slightly lower than with a central gas system (excepted during the summer months).
INTRODUCTION
In Europe, there is a political will to reach a sustainable development of the society. This includes a growing concern about the environment (eg CO2 emission) and various energy efficiency aspects. Due to their commitment to the Kyoto agreement, some countries (where EDF group companies are presently operating) are looking at incentives that could boost energy saving and energy efficiency.
Today, the electric system is operating in an centralised way, the electrical energy being produced in big power plants connected to the transmission grid, the energy further being delivered to the final customers via distribution grids. The size of the centralised plant enables generally a high efficiency, but still with a lot of unused heat. Additionally, heat is not transportable on long distances like electricity.
In order to avoid this kind of energy waste, the use of cogeneration appears to be an appropriate support to enhance the general energy efficiency. The aim of the work presented here is to check more precisely what this technology could bring to save primary energy through local cogeneration and micro cogeneration operating at the distribution level in a future world.
To quantify this energy saving, a "concept grid" has been studied, which is a kind of "microgrid", because it is working in an isolated mode without any connection to a transmission grid. Local electricity and heat needs are covered with local means of production which take advantage of local electrical and heat storage to optimise the global use of energy. Already, many studies and research project have been done to examine the possible contribution of decentralized production for the electrical
6HVVLRQ 1XPEHU 4 power supply to final consumers. But, very few are looking simultaneously at the way to cover heat and electricity needs.
TECHNICAL REQUIREMENTS

Consumptions and Customers
In order to define a scenario of heat and electricity demand as realistic as possible, a recent residential area gave the base of customer' s structure. In total, 200 domestic and 4 professional customers have been defined. Their heat demands are based on numerous measurements made in French households, whereby many parameters such as floor space, building isolation and outside temperature were taken into account. Three different types of housing have been chosen: individual houses, terraced houses and residences with numerous apartments. The isolation level of the buildings was defined according to the standard of a good isolation level of new buildings. The peak of electricity demand depending on customer' s habits, doesn' t happen at the same time for every customer. It' been taken into consideration by statistical formulas to model the global electricity demand for each hour. The electrical peak load reaches 420 kW for the whole power system.
Electrical network and heat exchange facilities
With the aim of supplying the global electrical demand, a low-voltage network in a radial form was designed. The meshing facilitates the electric energy exchanges and improves voltage level in the system. It operates even if one line fails. By contrast, there is no common heat supply for the whole system, but only few heat exchange facilities, making independent nodes of thermal consumptions.
The figures 1 and 2 show the location of customers and generation units (3kW-fuel-cells or 30-kW-micro-turbines). Each segment of the 150 mm 2 power lines is not longer than 200 meters. On K, as well as on D, three protection devices with directional over-current releases have been installed to enable also a meshed operation mode.
On every node, heat demand and electricity demand are established for each hour all along the year.
The two demands are independent from each other, however a CHP can provide the two kinds of energy in a narrow power range, given its own specifications. Even if it supplies exactly the right heat demand of a customer, its electricity supply will be sometimes too low or even too high compared to the electricity demand of the same customer. So our power system can' t work thanks to CHP units only.
We developed a model to describe the system and optimise its installed power. CHP specifications (availability, maximal and minimal power supply) are taken into account, and we modelled an electrical storage unit that works all along the year to allow the whole power to be self-sufficient at any time.
In our studies the power system needs 55 3-kW-fuel-cells, 6 30-kW-micro-turbines as well as a electrical storage unit that can supply (or demand) a power in range of hundreds of kW. Electrical-only power units may reduce the number of cogeneration units and the size of the storage unit.
Assuming that all the productions operate equally reliable as heating devices of today (e.g. boilers etc.) the quality of supply has been studied, both in a meshed and in a radial operation mode. The reliability of the radial operated network is comparable to the recent European low-voltagenetworks, and of course better in meshed mode operation. The power flows and the voltage level are convenient, even in case of failure of a production unit or a line.
Electricity Generation and Heat production
A key issue in designing new local power systems with distributed generation is the convergence of several energies. When heat and electricity are produced and consumed at the same place, it is possible to use cogeneration which global efficiency is excellent.
Each power unit, fuel cell or micro-turbine, is working in cogeneration and is connected to a small heat network, one per node. In addition, since during winter times heat loads are much bigger than electric loads, there is also an additional conventional gas boiler in each node. Last, thermal storages are added to both decrease the installed capacity of boilers, and thus the investment costs,
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0RGHOOLQJ RI JHQHUDWLRQ IRU HOHFWULFDO VWXGLHV
Micro-turbines and fuel cells require power electronics such as inverters to interface with the network and its load. Inverter devices can be operated with different control schemes, depending on the operational mode of Distributed Energy Resources (DER). For a grid-connected inverter, three types can be used: either as an active and reactive power control scheme (P/Q control) or as a control of active power and power factor (P/PF) or, finally, as a control of active power and voltage (P/V control) for reactive power compensation.
In this study, four models of DER inverter are used for this study: P/Q, P/PF, P/V and V/f control scheme. The energy source of micro turbines and fuel cells can be represented by a DC-power source. Assuming that the power demand is always limited within the capability of the device and also that the primary generator controls keeps the DC-bus voltage constant, the analysis can be limited to the inverter control, with no need of representing the more complex dynamic behaviour of the up-stream generation system, the reformer and the stack. We also suppose, that the dynamic of the entire system of the up-stream generation system, the reformer and the stack with their control system could be represented by a first-order response, where the time constant could be changed according to the DC source. This part can be represented by a time constant (defined by R and C) as shown in figure 4. By these assumptions, there are no differences between the micro-turbine or the fuel cell source models. However, the time constant of microturbine and fuel cell can be different. 
Dynamic studies and results
To represent dynamic disturbances during normal network operations, the following events were simulated
• Variation of load;
• Variation of generation;
• Short-circuit;
• Change of network configuration. The impacts of different controls and operation modes on dynamic behaviours of the system are investigated. For the study, the following assumptions of the reactive power provided or absorbed are taken into account:
For micro turbine -½ P N 4 ½P N For fuel cell -3 N 4 3 N For storage device -3 N 4 3 N Where P N is the rated active power. Additionally the threephase-short-circuit current has been limited to I CC3~ = 1,1 I N and the mono-phase short-circuit current has been limited to I CC1~ = 1,4 I N (with I N rated current).
6KRUWFLUFXLW VLPXODWLRQ DV H[DPSOH RI G\QDPLF VLPXODWLRQV In order to keep at least 2/3 of the system in operation, some parameters of protection and production devices were studied while a three-phase-short-circuit occurred. It was supposed, that the network was operated in a closed loop structure as this network fault appears. At T=100s, a short-circuit occured at middle of AB segment. 100 ms after the fault, segments AD and DG are opened, the network passes in a radial structure. By this, the three protections installed at feeders KJ, KF and KL can detect the fault segment with classic protection devices. At T=100.2 s the JK line is opened in order to isolate the fault segment. Then, all productions of this segment (AB, BC, CJ) are tripping. Figure 5 shows the variation of voltages. After several oscillations, voltages and also frequency becomes stable and system operation can be maintained. 
Optimisation tool and method
The system built is quite complex to operate. Storage management and the time necessary to power on a unit imply anticipation in a time-frame of several days. Given a global electrical load profile and local heat loads, there are an infinity of possibilities of operation planning, but they are differing in term of costs quite significantly.
Considering electricity only, this problem is well known in the power industry (especially in EDF, see [1] ) under the name of " Unit Commitment" . Logical on/off decisions for the units make the problem NP-Hard to solve, but various efficient techniques are available (see [2] ).
To study small multi-energy systems, EDF R&D developed an optimisation tool, PILOT. Thanks to an abstract data- 
6HVVLRQ 1XPEHU 4 model, stored in Excel sheets, it can deal easily with miscellaneous systems (boilers, pumps, turbines…). To solve the unit commitment problem, the choice of Mixed Integer Linear Programming has been made. By this way, it is possible for PILOT to use more and more efficient software (see [3] ) like CPLEX or XPRESS-MP (used for the present study).
The autonomous structure was modelled in the PILOT environment, with piecewise linear approximations of the gas consumption curves of the engines. The basic time horizon was set to 168 hours (one week).
Optimisation results in chosen season-periods
A sample of four representatives weeks, one per season, was chosen for the optimisation study. For each week, an optimisation was launched by PILOT, with the main objective to minimize the total gas consumption.
To evaluate the results, a simple comparison was made with a classic centralised system : power is produced by a gas-combined cycle (60% efficiency) and heat locally by a standard boiler (90% efficiency)
Figure 3 Comparison of primary energy consumption
Results are shown in figure 6 . Not surprisingly, they are remarkable good during winter time, where the benefit of cogeneration is maximum, yet on the other hand poor during summer. However, during spring and autumn the performances of the autonomous systems are 10% better than the classic system, which leads to an annual gain of 6.6% in the gas consumption. Indeed, these mid-season periods are crucial regarding the optimisation. In term of energy, electric and heat demands are nearly the same but they are not simultaneously: a good coordination with the storages is necessary to prevent heat wastes. A simulation of a " naïve" operation of the system led to a 10% worse gas consumption. Thus, without optimisation, the autonomous structure is no more competitive with a classic optimised centralised system.
CONCLUSIONS
For the described system, the static behaviour, the reliability of supply, the dynamic behaviour on disturbances of the equilibrium and finally the total energy consumption, i.e. the energy efficiency are studied. The main results of these studies can be summarized as follows:
• The system covers at any time the customer demands and works with good reliability. However its operation is much more complex than the one of a usual distribution grid ; • Grid protections are more sophisticated to assume than in a classical distribution grid due to both the dispersion of power sources and the limitations in short-circuit-power ; • The costs of such a grid is higher than the one of usual distribution grid due to the cost of storage , protections, and the redundancy needed in production means, • With the assumptions and properties defined in this case, the primary energy consumption seems to be slightly lower than with a central gas system (excepted during the summer months). This result is obtained through a careful optimisation of the whole system.
The study of such a " concept grid" demonstrates how far one has to go to make it work properly. It also shows, that use of storage is an important matter to deal with. In such a case, we are far from actual passive distribution networks, where customers are not involved in systems operations.
To assume an equivalent level of quality and reliability as in the distribution grids of taoday, it needs a much higher investment and sophistication than usually needed.
Of course, to take advantage of cogeneration on primary energy consumption does not require to work in cells that are separated from the rest of the grid as presented in this paper. But this concept grid shows the value that a connection to a larger grid can bring especially on electrical energy storage and day-to-day operation.
On the other hand, it makes evidence that an active management of local energy (which is absolutely necessary in an isolated operation) might also be very valuable to bring some of ancillary services to the rest of the grid. This is likely the way things are going to be handled as the percentage of Dispersed Energy Resources will be growing in the network in a win /win approach and a larger share of the responsibilities of the performance of the system.
